Abstract-In this paper, design of a triple band ultrathin compact polarization insensitive metamaterial absorber for S-, C-and X-band applications is proposed. The proposed absorber consists of periodic arrangement of a modified triple circular slot ring resonator as unit cell printed on the top of a continuous metal backed FR-4 dielectric substrate. The proposed absorber is ultrathin having thickness of λ 0 /135.66 at the lowest absorption center frequency. The measured wide stable absorption bands of 0.40 GHz, 0.45 GHz and 0.47 GHz with absorption peaks of 97%, 96.45% and 98.20% at absorption center frequencies of 2.90 GHz, 4.18 GHz and 9.25 GHz respectively are observed. The temperature profile of absorber is measured by using lock in infrared thermography, and a temperature increase of 1 • C at absorbing frequency as compared to non-absorbing frequency is observed. The absorber is demonstrated to be polarization insensitive to TE and TM polarized angles of incidence of electromagnetic wave with wide angular stability up to 45 • . The absorber is fabricated and tested in an anechoic chamber. Experimental results agree well with measured ones.
INTRODUCTION
Microwave absorbers are artificially engineered materials for absorbing electromagnetic wave to reduce EMI EMC and for stealth applications. Design of traditional absorber is complex. Metamaterials are great solution for this. Metamaterial is an array of sub-wavelength fundamental unit cells having controlled material properties such as permeability and permittivity. Metamaterials are used widely for various antenna applications like to enhance radiation characteristic of antenna, for beam forming and beam steering. Metamaterial absorbers have attracted great attention due to their wide range applications and easy fabrication characteristic.
A perfect metamaterial absorber was reported by Landy et al. [1] using a metallic structure. Polarization insensitive wide-band metamaterial absorber by using resistive loading and multi-layer structure sub wavelength unit cell is designed in [2, 3] . Active metamaterial wide-band wide-angle absorber is designed and reported in [4] . An ultrathin wearable absorber is designed by using compact metamaterial unit cell in [5] . Multi-band polarization insensitive absorbers are designed in [6] [7] [8] . A compact ultrathin multi-band absorber is designed by using fractal broken cross with Jerusalem cross loading in [9, 18] , and multi-band absorbers using compact unit cells are designed in [10] [11] [12] [13] [14] . These absorbers are not ultrathin and compact with multi-band operation at the same time.
In this paper, the design of a triple band ultrathin polarization insensitive metamaterial absorber for S-C-and X-bands is proposed. The same absorber can be further extended with more absorption bands. A compact modified triple circular slot ring resonator (MTCsRR) is used as fundamental unit cell to design the absorber. An array of MTCsRR unit cells is fabricated on top of a metal backed FR-4 substrate. The absorption phenomenon is verified by measuring reflection from the fabricated absorber in an anechoic chamber. The TE and TM polarization insensitive characteristic with oblique angle of incidence of EM wave is also measured. The temperature profile of absorber is measured by using lock in infrared thermography, and it was found to increase surface temperature at absorption frequencies.
DESIGN OF UNIT CELL
In this section, design of unit cells for absorber design is discussed. The proposed metamaterial absorber is made up of a modified triple circular slot ring resonator as unit cell. A triple circular ring resonator is proposed first. The perimeter of rings is selected as half of the wavelength at optimum resonant frequency. The rings are further miniaturized by using capacitive loading. Capacitive loads are created by designing metallic radial slots on the ring. Radial slots are introduced on the metallic ring to reduce the resonance frequency. It is observed that compactness of 22.50% is achieved due to outer modified circular ring resonator (MCRR) to have absorption centre frequency at 2.9 GHz as compared to the conventional circular ring resonator. The additional radial slot on the MCRR increases equivalent capacitance of MCRR, resulting in decrease in resonant frequency [15, 17] . The proposed MTCsRR unit cell geometry with detailed dimension is shown in Fig. 1(a) . The MTCsRR unit cell is simulated using CST microwave studio with perfect electric boundary along Y axis, perfect magnetic boundary along X axis and a waveguide port along Z axis as shown in Fig. 1(b) . The absorptivity of proposed unit cell structure under normal incidence of electromagnetic waves is given as A = 1 − |S 11 | 2 − |S 21 | 2 . The transmission coefficient |S 21 | 2 of the proposed structure will be zero due to metal backing. Hence absorptivity is given by A = 1 − |S 11 | 2 . The simulated reflection coefficient and absorptivity are shown in Fig capacitance due to all CRRs are also calculated by using [6, 7] . In the equivalent circuit, "Z UC " is the total equivalent impedance due to MTCsRR unit cell, and "Z d " is the impedance of dielectric substrate of thickness t d . The total input impedance "Z in " is due to parallel combination of "Z UC " and "Z d ". The circuit simulated reflection coefficient using ADS software and EM simulated reflection coefficient using CST microwave studio are compared and found matching with small error. The dielectric with optimized unit cell dimensions is used to provide impedance matching.
To validate the cause of resonance at these frequencies, the simulated H-field and E-field distributions on MTCsRR are studied and plotted in Fig. 4 and Fig. 5 , respectively. The normally incident plane wave (along Z Axis) having E-field along X axis induces capacitive effect and H-field along Y axis induces inductive effect resulting in resonance at some particular resonant frequency. The maximum concentration of E-and H-fields at first resonant frequency of 2.9 GHz is found on outer MCRR, at the second resonant frequency of 4.2 GHz on middle MCRR and at the third resonant frequency of 9.2 GHz on inner MCRR. The circulating H-field induces different surface currents on the MTCsRR at different frequencies. The surface current distributions at all three resonant frequencies are plotted in Fig. 6 . It is observed that the surface currents on MTCsRR and the ground plane at resonant frequencies are anti-parallel to each other forming a loop, resulting in absorption of respective frequencies. The E-field, H-field and surface current distributions predict that the first resonant band is generated due to outer MCRR, second resonant band generated due to middle MCRR, and third resonant band generated due to inner MCRR. The change in dimensions of MCRR will change the respective resonant frequency. The mean radius of outer MCRR "R 1 ", middle MCRR "R 2 " and inner MCRR "R 3 " is varied, and the corresponding changes in reflection coefficients are plotted in Fig. 7(a) , Fig. 7(b) and Fig. 7(c) , respectively. It is observed that increasing the mean radius of MCRR increases the ring perimeter that causes increase in effective inductance and capacitance resulting in decrease in resonant frequency. Similarly, decreasing the mean radius of MCRR increases its resonant frequency.
The capacitive slots on the metallic ring acts as a capacitive load due to in plane E-field incidence on MCRR. The effect of dimensional change of slot is studied and plotted in Fig. 7(d) . It is observed that the change in slot dimensions changes all the resonant frequencies predicting that all resonant frequencies depend on slot dimensions. Hence all the resonant frequencies can also be controlled by using capacitive lode tuning. It is also observed by the parametric variations shown in Fig. 7 that all the three absorption bands can be controlled independently.
(c) (d) Figure 7 . Simulated reflection coefficient with variation in mean radius of (a) inner ring resonator "R 1 ", (b) middle ring resonator "R 2 ", (c) outer ring resonator "R 3 " and (d) variation in slot thickness.
EXPERIMENTAL RESULTS
In this section, fabrication of prototype absorber and measurement results are discussed. A 12×12 array of MTCsRR unit cells is designed and printed. The prototype of ultrathin triple band metamaterial absorber is fabricated using photolithography on an FR-4 substrate having permittivity of 4.3, dielectric thickness of 0.762 mm, and copper thickness of 0.035 mm. The fabricated prototype of metamaterial absorber is shown in Fig. 8(a) . The absorption response of absorber is measured in an anechoic chamber. Two standard gain wide-band double ridge horn antennas separated by foam pyramidal absorber are placed inside the anechoic chamber. One of the ridge horn antennas acts as a transmitter and the other one as a receiver. The measurement setup is shown in Fig. 8(b) . The back ground noise of anechoic chamber is measured first. The back ground noise is observed to be less than −60 dB. To measure the absorptivity/reflection characteristic of fabricated absorber, a metal plate of same dimension as fabricated absorber is placed in the far field of the measurement setup, and reflection characteristic is recorded first. Next, the metal plate is replaced by fabricated absorber, and reflection characteristic is measured. The actual reflection due to proposed absorber surface is different between the two reflection characteristics. The measured back ground noise, reflection due to metal plate and reflection due to proposed absorber are plotted in Fig. 9 . Figure 11 . The measured reflection coefficient (absorptivity) due to various angle of incidence of (a) TE polarized EM wave, (b) TM polarized EM wave and (c) oblique incidence of EM wave.
absorption frequency of 9.25 GHz predicting more than 90% absorption are obtained.
To verify the performance of the polarization insensitive absorber, absorptivity characteristic of prototype absorber due to various angles of incidence of TE and TM polarized EM waves are studied. The angle between the two double ridge horn antennas is changed in its TE and TM planes to generate EM wave with various angles of incidence of TE and TM polarized EM waves. The reflection characteristics of prototype absorber due to various angles of incidence of TE and TM polarized EM waves are measured and plotted in Fig. 11(a) and Fig. 11(b) , respectively. It is observed that the proposed absorber is insensitive to various angles of incidence of TE and TM polarized EM waves with wide angular stability up to 45 • . The advantage of multi-band absorber as compared to broad band absorber is to avoid unwanted interference with required information signal in the ultra-wideband region.
The absorber is studied for various oblique angles of incidence of EM wave in elevation plane. The measured reflection characteristics due to various oblique angles of incidence of EM wave are plotted in Fig. 11(c) . It is observed that the absorber is insensitive to various oblique angles of incidence of EM wave up to 45 • .
The absorption of EM wave by absorber causes increase in surface temperature of the absorber. The surface temperature change of absorber is studied by using lock in infrared (IR) thermography as reported in [16, 17] . The measurement setup is shown in Fig. 16 . The absorber surface is excited by a wide-band double ridge horn acting as a radiator having power level of 10 dBm. The temperature profile is measured by thermal images of absorber as recorded by IR camera. First, the temperature profile at non-absorbing frequency of 6.0 GHz is recorded (Fig. 12(a) ). Next, the temperature profiles at absorbing frequencies of 2.9 GHz, 4.18 GHz and 9.25 GHz as shown in Fig. 12(b), Fig. 12(c) and The proposed absorber is compared with several similar absorbers reported earlier in Table 1 in terms of "λ 0 ", where "λ 0 " is the wavelength at list resonant absorption frequency. As observed, the proposed absorber is found to be more ultrathin and compact with wide multi-band absorption characteristics. 
CONCLUSION
A triple band polarization insensitive compact ultrathin metamaterial absorber for S-C-and X-band applications is successfully demonstrated. The absorber is designed by using capacitive slot loading, and compactness of 22.50% as compared to conventional absorber is achieved. The thickness of the proposed absorber is λ 0 /135.66, where λ 0 is the free space wavelength at the first centre frequency of absorption (2.9 GHz) making the absorber ultrathin. The wide absorption bandwidths of 0.40 GHz, 0.45 GHz and 0.47 GHz with more than 90% absorption at absorption center frequencies 2.90 GHz, 4.18 GHz and 9.25 GHz having absorption peak of 97%, 96.45% and 98.20% respectively are observed. The proposed absorber is polarization insensitive with wide angular stability up to 45 • in azimuth and elevation plane. The proposed absorber is found insensitive to TE and TM polarized various angles of incidence of EM wave with wide angular stability up to 45 • . The temperature profile of absorber is measured using IR thermography. The absorption of EM wave by absorber results in increase in surface temperature by 1 • C. The absorber prototype can be used for EMI/EMC reduction, and it can be easily extended for more band applications.
